ABSTRACT The nature of the interaction between the black pecan aphid, Melanocallis caryaefoliae (Davis) (Hemiptera: Aphididae), and the chlorosis it causes to foliage of its pecan [Carya illinoinensis (Wangenh.) K. Koch)] host is poorly understood. Laboratory experiments were conducted on the settling behavior of the black pecan aphid, when provided chlorotic pecan leaf discs resulting from previous black pecan aphid feeding and nonchlorotic leaf discs, under a normal photoperiod and constant dark. Additionally, aphid development from the Þrst instar to the adult stage was examined when nymphs were either allowed to feed on the same leaf disc or moved daily to a new, nondamaged, same age leaf disc. After 24 h, a signiÞcantly higher percentage of black pecan aphids settled on chlorotic than on nonchlorotic leaf discs, regardless of photoperiod. When starting from the Þrst instar, nymphs that were prevented from inducing leaf chlorosis by moving daily to new, same-age leaf discs took ϳ5 d longer to complete development, had a shorter body length, and had higher mortality than when aphids remained on the same leaf disc. These results show that black pecan aphidÐinduced leaf chlorosis plays an important role in the interaction of the black pecan aphid with its pecan host.
The foliage of pecan, Carya illinoinensis (Wang.) K. Koch, is attacked by three aphid species across the southeastern United States: the black pecan aphid, Melanocallis caryaefoliae (Davis), the blackmargined aphid, Monellia caryella (Fitch), and the yellow pecan aphid, Monelliopsis pecanis Bissell (Tedders 1978, Kaakeh and Dutcher 1992) . Aphids feeding on pecan foliage can cause a reduction of leaf chlorophyll and leaf area, a decrease in leaf net photosynthesis, depletion of carbohydrate reserves in stem tissue, and even defoliation (Walker 1932 , Tedders 1978 . Additionally, aphid feeding may affect nut yield, nut quality, and return bloom (Dutcher et al. 1984 , Wood et al. 1987 . Aphid feeding also causes indirect reduction in photosynthesis when black sooty mold grows on foliage covered with honeydew (Tedders and Smith 1976, Wood et al. 1988) . After alate fundatrices appear in the spring, alate viviparae of all species can be found on pecan through the growing season until the fall, when apterous oviparae and alate males are present (Tedders 1978) .
Although all three aphid species attacking pecan are capable of removing large amounts of photosynthate from a pecan tree, black pecan aphid populations in orchards must be maintained at very low levels because feeding can induce foliar damage, greatly reduce photosynthesis, and trigger leaf abscission, sometimes resulting in tree defoliation when aphid abundance is high (Tedders 1978 , Liao 1984 . Visible feeding damage by the black pecan aphid initially appears as a small black dot where the leaf vein is punctured followed by the surrounding laminar zone becoming chlorotic. These chlorotic zones are typically bounded by leaf veins but do enlarge with the intensity of chlorosis being affected by physiological leaf age, duration of aphid feeding, and aphid instar/stage (Lakin 1972 , Tedders 1978 . When starting with Þrst-instar black pecan aphid, and dependent on environmental conditions, visible leaf chlorosis can occur within 2Ð2.5 d (Lakin 1972 , Tedders 1978 . During late summer and early fall, chlorotic areas on leaßets dry out and turn brown as the tissues die.
No virus is associated with the black pecan aphid and leaf chlorosis on pecan foliage; leaf chlorosis is suspected to result from chlorophyll-degrading enzymes (Lakin 1972) . Similarly, the Russian wheat aphid Diuraphis noxia (Mordvilko) (Hemiptera; AphiThis article reports the results of research only. Mention of a proprietary product does not constitute an endorsement or a recommendation by the USDA for its use.
1 USDAÐARS, Southeastern Fruit and Tree Nut Research Laboratory, 21 Dunbar Rd., Byron, GA 31008.didae) feeding on wheat, Triticum aestivum L., causes leaf chlorosis (Ni et al. 2000 (Ni et al. , 2001a . When the Russian wheat aphid feeds on cereal host spp., the oxidative responses of the host plants are increased (Ni et al. 2000 (Ni et al. , 2001a . It is suspected that pectinases and cellulases are important salivary enzymes, leading to chlorotic damage on wheat (Campbell 1986 , Miles 1990 . Lakin (1972) attempted to characterize the salivary secretions of the black pecan aphid using phenolase substrates but did not obtain deÞnitive results. Regardless of the biochemical causes of leaf chlorosis, these chlorotic lesions seem important to feeding by the black pecan aphid because nymphs typically do not move far, if at all, from the initial feeding site through all molts to the adult stage (Tedders 1978) . However, no previous report has examined the effect of black pecan aphidÐinduced chlorosis on black pecan aphid settling behavior or nymphal development.
The nature of the interaction between the black pecan aphid and the pecan host is poorly understood, especially within the context of the role of the black pecan aphidÐinduced chlorotic lesions on foliage. Thus, the objectives of this experiment were to use laboratory bioassays to assess (1) the impact of prior black pecan aphid-induced chlorotic lesions on settling behavior of black pecan aphid adults and nymphs under a normal photoperiod and adults under constant dark and (2) the impact of leaf chlorosis on nymphal development. Adults and nymphs were provided a choice of black pecan aphid-damaged and nondamaged pecan leaf discs. Nymphal development was assessed when aphids were allowed to feed undisturbed or disturbed on the same leaf disc and when disturbed but moved daily to a nondamaged disc.
Materials and Methods
Pecan Foliage. Foliage for all laboratory tests was from greenhouse-grown seedling pecan cultivar Desirable germinated from open pollinated nuts . Leaf discs were cut from fully expanded primary leaves using a 1.8-cm-diameter Birkestrand leaf punch sampler (Rabbit Tool USA, Rock Island, IL).
Insects. A black pecan aphid colony was started during summer 2007 with aphids collected from pecan orchards at the USDAÐARS, Southeast Fruit and Treenut Research Laboratory in Byron, GA. Alate viviparae were maintained on potted pecan seedlings at a photoperiod of 14:10 (L:D) h and 26ЊC. All adults used in experiments were alate viviparae. Aphids of different instars or stages, as needed in different bioassays, were reared by placing 10 adult black pecan aphids on 10 pecan leaf discs in a petri dish Þlled with 1% water agar, similarly as described by Reilly and Tedders (1990) , and placing dishes in an environmental chamber at 27 Ϯ 1ЊC and 14:10 (L:D) h. Adults remained on the leaf discs for Ϸ12 h, where many nymphs were produced, thereby providing a group of Þrst instars of a discrete age from which the different instars (i.e., Þrst or fourth) or newly emerged adults could be selected. The process was repeated as necessary for the different trials in each experiment.
Impact of Leaf Chlorosis on Aphid Settling Behavior. Chlorotic foliage for assays was prepared by placing 10 leaf discs onto 1% water agar in 10-cm-diameter petri plates, as previously described. The adaxial leaf surface was placed face down onto the agar. Two Þrst-instar black pecan aphids were gently placed, using a camel hair brush, onto each of the 10 leaf discs. The lid was replaced, and the dish was inverted so aphids would feed on the abaxial leaf surface in a normal orientation (i.e., upside down), and they were left undisturbed for 5 d in an environmental chamber at 27 Ϯ 1ЊC and 14:10 (L:D) h. Leaf discs were observed, and those with visually similar chlorosis (i.e., color and area affected) were used in choice assays after removal of aphids. Nonchlorotic leaf discs were prepared similarly at the same time but without black pecan aphid nymphs. Three chlorotic and three nonchlorotic leaf discs were randomly placed equidistant around the perimeter of a 10-cm-diameter petri plate containing 1% water agar. Adults and fourth instars under a 14:10 (L:D)-h photoperiod and adults under constant dark were tested separately by placing 10 aphids on the center of the lid and covering with the petri dish bottom, which contained the agar and leaf discs. Keeping the dish inverted required the aphids to move across the lid, up the side of the dish, and across the agar to reach the leaf discs (assuming adults did not ßy). Each trial consisted of 10 petri dishes with each dish serving as a replicate, and leaf discs within the dish were arranged as a completely randomized design. Three trials were conducted separately for adults and for fourth instars under a normal photoperiod (14:10 [L:D] h) and with adults under constant dark. All trials were conducted for 24 h at 27 Ϯ 1ЊC, after which the number of aphids that were on chlorotic or nonchlorotic leaf discs were counted. Additionally, dead aphids (adults and nymphs) and fourth instars that molted to the adult stage during the trials were excluded from analysis. Counts were converted to percentage data for statistical analysis.
Nymphal Development and Mortality in Response to Leaf Chlorosis and Time Needed to Induce Leaf
Chlorosis. Leaf discs were punched from pecan foliage and placed on 1% water agar, as previously described, using one leaf disc for each 6-cm-diameter petri dish. Three treatments, each starting with a Þrst instar (Ͻ18 h old), were used. Treatment 1 consisted of an aphid being placed on a leaf disc and left undisturbed except for daily observation for molting and visible chlorosis or mortality. Treatment 2 consisted of an aphid being placed on a leaf disc for 24 h, observing for mortality or molting and moving the aphid, using a camel hair brush, to a new leaf disc (of the same age and preparation) daily until death or the adult stage was reached. Treatment 3 consisted of an aphid being placed on a leaf disc and observed for molting and visible chlorosis or mortality every 24 h, after which the aphid was removed from the leaf disc, using a camel hair brush, and immediately replaced on the same leaf disc; this process was repeated daily until the aphid died or molted to the adult stage. The experiment was performed in an environmental incubator at 27 Ϯ 1ЊC and 14:10 (L:D) h. Two trials of this experiment were conducted on different dates. In each trial, 10 aphids were used per treatment, and each treatment was replicated four times. The experimental design used was a randomized complete block. Each day we recorded development, mortality and Þrst visual detection of chlorosis. In addition, a body length measurement for adults in each treatment, as described by Ilharco and Van Harten (1987) , was taken during the second trial with the aid of a dissecting microscope.
Statistical Analyses. Each of the three aphid settling experiments, i.e., adults and nymphs under a normal photoperiod and adults under constant dark, was conducted using three separate trials per experiment and data from the three trials was combined, separately by experiment. Percentage data were arcsine transformed (Zar 1999) to increase homogeneity of variance and subjected to one-way analysis of variance (ANOVA; SAS Institute 2002). Mean separation was performed using the Tukey honestly signiÞcant difference (HSD) test when P Ͻ 0.05. Nontransformed means are presented.
Data from the two trials examining the impact of leaf chlorosis on aphid development were combined. Repeated-measures ANOVA was used to examine days to complete development because data were collected daily for the same individuals through each instar to the adult stage (SAS Institute 2002). However, we used a one-way ANOVA to examine each stadium of nymphs receiving the three different treatments. Cumulative percentage mortality was calculated and arcsine transformed (Zar 1999) to increase the homogeneity of variance and subjected to one-way ANOVA (SAS Institute 2002). Mean separation was done using the Tukey HSD test (SAS Institute 2002) when P Ͻ 0.05. One-way ANOVA was used to compare the average number of days until Þrst detection of visible chlorosis between the two treatments where aphids remained on the initial leaf disc (i.e., treatments 1 and 3; SAS Institute 2002). For the second trial only, adult body length measurements for the three treatments were compared using one-way ANOVA (SAS Institute 2002).
Results

Impact of Leaf Chlorosis on Aphid Settling Behavior.
During the normal photoperiod experiments that separately tested settling behavior of adults and fourth instars, only two of 300 adults died during the three trials (n ϭ 298) and 12 fourth instars molted to the adult stage (n ϭ 288); no fourth instars died during the trials. The two dead adults and the 12 fourth instars that molted were excluded from analyses. During the constant dark experiment that tested settling behavior of adults in the absence of possible visual stimuli from chlorotic lesions, three adults died and two were missing (n ϭ 295) after 24 h, and those also were excluded from analyses. The interaction of trial ϫ treatment was not signiÞcant for adults (F ϭ 0.36; df ϭ 2,45; P Ͼ 0.05) or fourth instars (F ϭ 1.50; df ϭ 2,45; P Ͼ 0.05) under a normal photoperiod or for adults (F ϭ 1.95; df ϭ 2,45; P Ͼ 0.05) under constant dark. Thus, in each experiment, data from the three trials were combined. A signiÞcantly higher percentage of adult black pecan aphids under the normal photoperiod chose to settle on chlorotic leaf discs than the percentage that settled on nonchlorotic leaf discs (F ϭ 97.28; df ϭ 1,49; P Ͻ 0.05; Fig. 1A) . Similarly, the percentage of fourth instars that settled on chlorotic leaf discs under the normal photoperiod was higher than on nonchlorotic leaf discs (F ϭ 249.75; df ϭ 1,49; P Ͻ 0.05; Fig. 1B) . Furthermore, a higher percentage of adults under constant dark settled on chlorotic leaf discs than on nonchlorotic leaf discs (F ϭ 6.40; df ϭ 1,49; P Ͻ 0.05; Fig. 1C ). Settling behavior of nymphs under constant dark was not tested.
Although experiments using a normal photoperiod and constant dark were not done concurrently and thus not statistically compared, similar percentages of adults were found feeding on nonchlorotic leaf discs in each experiment (18 and 20%, respectively), whereas dissimilar percentages of adults were found feeding on chlorotic leaf discs in each experiment (68 and 33%, respectively). Fifty-two percent of adults were found feeding on any leaf disc under constant dark compared with 86% of adults tested under a normal photoperiod.
Nymphal Development and Mortality in Response to Leaf Chlorosis and Time Needed to Induce Leaf
Chlorosis. We combined data from both trials for the experiment examining the impact of chlorotic pecan leaf discs on nymphal development because the interaction of experiment ϫ treatment was not signiÞ-cant (F ϭ 0.51; df ϭ 2,87; P Ͼ 0.05). Development of nymphs to the adult stage when moved to a new leaf disc each day was signiÞcantly delayed compared with nymphs allowed to remain on the same leaf disc to complete development (F ϭ 65.59; df ϭ 2,78; P Ͻ 0.05; Fig. 2 ). The stadium of the Þrst instar was not significantly different for any treatment (F ϭ 0.85; df ϭ 2,18; P Ͼ 0.05; Fig. 2) ; however, the stadium was signiÞ-cantly longer for the second (F ϭ 63.25; df ϭ 2,18; P Ͻ 0.05), third (F ϭ 183.66; df ϭ 2,18; P Ͻ 0.05), and fourth (F ϭ 17.63; df ϭ 2,18; P Ͻ 0.05) instars (Fig. 2) . Thus, the aphids feeding on nonchlorotic leaves had a signiÞcantly longer stadium for the second, third, and fourth instars compared with those nymphs that fed on the same leaf disc, even when disturbed daily (Fig. 2) . In fact, when measurements of adult body length were taken during the second trial, the length of resulting adults when nymphs were moved daily to new leaf discs was signiÞcantly less than resulting adults from aphids that were allowed to feed on the same leaf disc, whether through removal and replacement or when left undisturbed (F ϭ 1408.67; df ϭ 2,6; P Ͻ 0.05) ( Table 1) . It is worth noting that the effect of disturbance alone (i.e., removal and replacement versus undisturbed) on aphid development was insigniÞcant for all measured variables.
Similarly, the two trials were again combined because the interaction of experiment ϫ treatment was not signiÞcant concerning aphid mortality (F ϭ 3.09; df ϭ 2,15; P Ͼ 0.05). The highest nymphal mortality was recorded for those aphids provided with new, nonchlorotic leaf discs daily, whereas signiÞcantly less mortality (F ϭ 7.00; df ϭ 2,18; P Ͻ 0.05) was recorded for those left undisturbed on the same leaf disc (Table  1) . At the same time, nymphs that were disturbed, but replaced onto the same leaf disc, had mortality similar to the other two treatments (Table 1) .
We assessed the duration of nymphal infestation required for visible chlorosis formation between the treatments where nymphs were allowed to feed on the same leaf disc. There was no interaction of experiment ϫ treatment (F ϭ 2.54; df ϭ 1,9; P Ͼ 0.05), and no difference was detected in the number of days for chlorosis to develop between the two treatments (F ϭ 0.61; df ϭ 1,11; P Ͼ 0.05; Table 1 ). No signiÞcant difference in time to induce visual chlorosis on leaf discs between disturbed and nondisturbed aphids suggests that the effect of daily disturbance was not as important to induction of chlorosis as was remaining at or near the original feeding site.
Discussion
The results of research presented here showed that black pecan aphid adults, regardless of photoperiod, and nymphs prefer to settle on those leaf discs showing chlorosis from previous feeding by the black pecan aphid. This is critical to understanding the biological processes involved in black pecan aphidÐinduced leaf chlorosis.
It would seem that, under constant dark conditions, more aphids were arrested on chlorotic leaf discs, as they moved about the small petri dish, because those aphid-damaged leaf discs satisÞed host selection criteria. Klingauf (1987) reported that host selection by aphids is a sequence of selection steps in response to a variety of stimuli, and it is likely that random encounters with leaf discs by the adults in our constant Fig. 2 . Mean Ϯ SE days needed for black pecan aphids to complete development, starting from the Þrst instar, when placed on the same pecan leaf disc (either left undisturbed or disturbed by picking up and returning to the same leaf disc daily) to complete development or when disturbed by moving daily to a new, same-age pecan leaf disc without chlorosis. SigniÞcant differences (P Ͻ 0.05) in days to reach the adult stage are indicated by unlike letters (TukeyÕs HSD). Within each instar and for the adult stage, unlike means (P Ͻ 0.05) are vertically separated by an asterisk (TukeyÕs HSD). dark experiment led to a higher percentage becoming arrested on chlorotic leaf discs. At the same time, the signiÞcantly higher percentage of aphids that chose to settle on chlorotic than nonchlorotic leaf discs under a normal photoperiod does strongly suggest an involvement of visual cues in settling behavior. However, it is possible that, in these small petri dishes, aphids were attracted to volatiles from black pecan aphid-damaged leaf discs (Nottingham et al. 1991 , Hardie et al. 1995 . Our experiment conducted under constant dark showed that adults responded to chlorotic leaf discs, in the absence of any yellow coloration, thereby seemingly negating visual attraction to chlorotic lesions and increasing the possibility of volatile attractants. However, we do not believe this test provides strong evidence that these aphids were attracted to volatiles associated with aphid-damaged leaf discs. The damaged leaf discs used for these experiments exhibited chlorotic symptoms typical of black pecan aphids feeding on pecan foliage. Under a normal photoperiod, the black pecan aphid was most likely either attracted to or arrested on the damaged leaf discs because of their yellow coloration (Kennedy et al. 1961 , Srivastava 1987 , Dixon 1998 . Generally, both young and senescent foliage tends to be more yellow and provides more nutrition than mature leaves (Dixon 1998) . Regardless of why, more black pecan aphid adults and fourth instars chose chlorotic leaf discs. In contrast, Petersen and Sandströ m (2001) reported that previous feeding by the black pecan aphid reduced the performance of subsequent black pecan aphids feeding on the same foliage. If this were the case in our study, adults and nymphs should not have accumulated on previously damaged leaf discs. It is likely that in the study by Petersen and Sandströ m (2001) , the duration of feeding and the numbers of black pecan aphids used to condition foliage exhausted leaf resources and negatively affected subsequent feeding. It has been reported that feeding by some aphid species induces local changes in the plant resulting in the development of larger, more fecund aphids (Dixon 1998) . This may account for selection of damaged foliage by the black pecan aphid in our study. In fact, some aphid species that induce leaf senescence make plant tissues attractive to other aphid species that feed on the same host plant but are unable to induce senescence themselves (Dixon 1998) . This is not the situation for pecan where leaf senescence by the black pecan aphid is not known to beneÞt performance of the blackmargined aphid through subsequent feeding (Petersen and Sandströ m 2001) .
Nymphs that fed on the same leaf disc grew at a faster rate and were longer than those surviving nymphs that were not allowed to feed continuously on the same leaf disc. Nymphs that were not moved also suffered less mortality. Thus, our Þndings suggest that induction of leaf chlorosis is important for normal development. In support, Petersen and Sandströ m (2001) reported that exudate from leaves fed on by the black pecan aphid had seven times the total amount of amino acids compared with uninfested leaves. Daily disturbance of aphids had no signiÞcant impact on development rate; only replacement with new, nonchlorotic leaf discs signiÞcantly reduced development rate and also increased mortality. An apparent preference for chlorotic leaves could be caused by the higher nitrogen availability within chlorotic lesions than within nonchlorotic leaves (Petersen and Sandströ m 2001) . White (1993) classiÞed insect herbivores as ßush feeders and senescence feeders according to the deÞnitions for general nitrogen utilization by insect herbivores. The black pecan aphid feeds on mature and senescent foliage, as opposed to the chlorosisinducing Russian wheat aphid that prefers to feed on young, ßush tissue even though the chlorotic lesions induced by both the black pecan aphid and the Russian wheat aphid appear very similar on their respective hosts. Flush feeding herbivores are adapted to survive on a relatively high concentration of readily assimilated nitrogen in young leaves for a brief period, whereas senescence feeders prefer to feed on tissues that have a relatively low amount of nitrogen over a longer period of time (White 1993) . Although the black pecan aphid is somewhat similar to senescence feeders with regard to the foliage it feeds on, the ability to increase the abundance of amino acids in pecan foliage (Petersen and Sandströ m 2001) makes it similar to ßush feeders using a higher concentration of nitrogen.
Once leaf chlorosis has been initiated by the black pecan aphid, the chlorotic area will increase in size even if the aphid is removed (Lakin 1972) . Thus, it is likely that removal of the nymph with immediate replacement on the same leaf disc kept the aphid within a zone of leaf tissue on which chlorosis had already been initiated. No difference was detected in the time required for chlorosis to become visible whether an aphid was disturbed or not, as long as it stayed with the same leaf disc. It is also possible that a nymph that was disturbed but placed back onto the same leaf disc moved near the location on the leaf disc where chlorosis was originally initiated. Either scenario would explain why aphid disturbance when left on the same leaf disc had no signiÞcant effect on rate of nymphal development compared with undisturbed aphids.
The induction of visible leaf chlorosis required Ϸ3 d under the prescribed photoperiod within an incubator. This represents a tremendous time and energy investment by the aphid toward preparing the leaf for feeding. Nymphs apparently received nutritional beneÞt from feeding before chlorosis became visible, but there was markedly less beneÞt to those nymphs that only had access to the same leaf disc for 1 d and were not allowed to induce visible chlorosis. Less nutritional beneÞt to nymphs, when they were not allowed to induce chlorosis, was shown through higher mortality, increased time to develop, and decreased adult length.
These data indicate that selection of chlorotic foliage by dispersing adults could provide offspring a survival advantage that promotes faster development and larger aphids. If a nymph is disturbed and moves from a feeding site, the ability to seek local chlorotic foliage may represent an advantage compared with the time needed for induction of leaf chlorosis at a new feeding site. We conclude that black pecan aphids prefer to settle on chlorotic foliage and also develop faster on chlorotic foliage; hence, the chlorotic zone plays an important role in the interaction of the black pecan aphid with its pecan host that greatly beneÞts the aphid.
